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Calorie RestrictionCarbonylation of proteins is an irreversible oxidative damage that increases during both chronological and
replicative yeast aging. In the latter, a spatial protein quality control system that relies on Sir2 is responsible
for the asymmetrical damage segregation in the mother cells. Proper localization of Sir2 on chromatin
depends on the deubiquitinating enzyme Ubp10, whose loss of function deeply affects the recombination
and gene-silencing activities speciﬁc to Sir2. Here, we have analyzed the effects of SIR2 and UBP10
inactivations on carbonylated protein patterns obtained in two aging models such as stationary phase cells
and size-selected old mother ones. In line with the endogenous situation of higher oxidative stress resulting
from UBP10 inactivation, an increase of protein carbonylation has been found in the ubp10Δ stationary phase
cells compared with sir2Δ ones. Moreover, Calorie Restriction had a salutary effect for both mutants by
reducing carbonylated proteins accumulation. Remarkably, in the replicative aging model, whereas SIR2
inactivation resulted in a failure to establish damage asymmetry, the Sir2-dependent damage inheritance is
maintained in the ubp10Δ mutant which copes with the increased oxidative damage by retaining it in the
mother cells. This indicates that both Ubp10 and a correct association of Sir2 with the silenced chromatin are
not necessary in such a process but also suggests that additional Sir2 activities on non-chromatin substrates
are involved in the establishment of damage asymmetry.+39 0264483565.
y, Lund University, PO Box 124,
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
Aging is one of the most complex biological processes and several
mechanisms may well contribute, at many different levels, to reduce
the ﬁtness of an organism over time. The challenge has always been to
link the stochastic basis of aging, which appears to be an innate
property of an organism's biological constraints, to a set of deﬁned
processes that eventually determine the aging phenomenon. This
phenomenological complexity has generated a great deal of theories
that try to identify a cause or a mechanism to explain aging and its
inevitable consequence, death [1,2]. To date no animal model
perfectly mimics human aging, but simple eukaryotic organisms
such as budding yeast Saccharomyces cerevisiae have been useful
experimental models for reducing the complexity of the aging process
leading to the identiﬁcation of pathways whose counterparts can be
found in higher Eukaryotes [3–5]. In S. cerevisiae aging research, the
chronological life span (CLS) and the replicative life span (RLS) are
two ways of measuring longevity. The former is measured in
stationary phase by monitoring the mean and maximum survivalperiod of a population of non-dividing yeast. In these conditions, cells
aremore resistant to heat and oxidative stresses, accumulate glycogen
and trehalose and their cell wall thickens. Respiration is the main
source of energy obtained from previously stored nutrients [6,7]. The
latter estimates the reproductive potential of individual mother cells
by counting the number of daughter cells generated in the presence of
nutrients [8]. Mother cells undergo many morphological, physiolog-
ical and molecular changes as they age [9,10], including typical
markers of apoptosis [11]. Moreover, chronologically aged cells also
die exhibiting an apoptotic phenotype [12–14]. Another common
feature shown by chronologically and replicative aged cells is the
accumulation of carbonylated proteins [15]. Interestingly, mother
cell-speciﬁc retention of oxidatively damaged proteins is controlled
by Sir2 [16,17], an enzyme belonging to the Sirtuins family. This
family is comprised of the unique class III of NAD+-dependent
deacetylases known to be evolutionarily conserved regulators of aging
[18–20]. In yeast, Sir2 is involved in silencing at telomeres, rDNA and
HM loci, but also prevents rDNA recombination [21]. SIR2 loss of
function leads to the formation of extrachromosomal rDNA circles
(ERCs). Accumulation of ERCs has been shown to take place in
replicative aged yeast cells [22]. In addition, it has been hypothesized
that the regulation of Sir2 by NAD could be the link between calorie
intake and the pace of aging, not only in yeast [23–25]. In yeast, as well
as in rodents and other organisms, Calorie Restriction (CR), the
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many tissues mitigates disease processes [26–29]. Sir2 was the ﬁrst
reported regulator of CR-induced increase in RLS. Moreover, further
studies revealed that not only Sir2-dependent but also Sir2-independent
mechanisms account for the CR effects on RLS (see [30] for a review).
Intriguingly, in the chronological aging paradigm Sir2 does not
promote longevity and it blocks extreme life span extension induced
by CR [31]. Thus, at present, paradoxically, Sir2 may play both pro-
and anti-aging roles.
Proper Sir2 association at telomeres and at the rDNA locus requires
the activity of the deubiquitinating enzyme Ubp10 [32,33]. This
enzyme is preferentially localized at silent chromatin where it
deubiquitinates histone H2B at Lys123. A low level of this modiﬁca-
tion contributes to maintaining a low methylation of histone H3 that
favours binding of Sir proteins to chromatin [32–34]. Ubp10 activity is
not only restricted to silent regions, but also targets monoubiquiti-
nated H2B on other chromatin regions. Consequently, UBP10
inactivation not only determined changes in the expression of
subtelomeric genes, loss of silencing and ERCs accumulation [33–35]
but also induced a transcriptional oxidative stress response accom-
panied by a subpopulation of Reactive oxygen species (ROS)-
accumulating/apoptotic cells [35,36]. Given these features, we
investigated here the effect of UBP10 inactivation on one of the
most studied biomarkers resulting from oxidative stress such as
carbonylated proteins formation [37,38]. We found that the increase
of ROS linked to the absence of Ubp10 is accompanied by an increase
in protein carbonylation, although the mutant maintains the
capability of daughter cell rejuvenation, by selectively retaining
damaged proteins in mother cells. Moreover, CR reduces the
physiological increase of ROS and carbonylated proteins linked to
chronological aging independently of the presence of Ubp10 and Sir2.
2. Materials and methods
2.1. Yeast strains and growth conditions
All S. cerevisiae haploid strains with null mutations were con-
structed in a previous study [32] and were derivatives of W303-1A
(MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 can1-100): ubp10Δ
(ubp10Δ::HIS3) and sir2Δ (sir2Δ::URA3). Cells were grown in batches
at 30 °C in Difco Yeast Nitrogen Base without amino acids (YNB-aa,
6.7 g/l) medium containing either 2% w/v or 0.1% w/v (Calorie
Restriction, CR) glucose. Supplements were provided at a ﬁnal
concentration of 50 mg/l, except for adenine at 100 mg/l. Cultures
were ﬁlled to no more than 20% of the total ﬂasks volume to ensure
adequate aeration. All strains were inoculated at the same cellular
density (2×105 cells/ml). Cell number and volume distributions, both
obtained using a Coulter Counter-Particle Count and Size Analyser,
Model Z2 were determined as previously described [39].
For experiments in stationary phase, when cells stopped dividing
and cell density reached a plateau value, analyses were performed after
a period of 24 h. Since ubp10Δ cells are characterized by a slow growth,
they stopped growth later than the other strains, but in this way all the
strains remained in stationary phase for the same length of time.
2.2. Isolation of young and old cells by elutriation
Cells were elutriated using a Beckman Avanti® J-20 XP Expanded-
Performance Centrifuge equipped with a JE-5.0 Elutriation System
(40 ml chamber) essentially as described in [32]. Cells diluted
appropriately were grown for about 9/10 generations and collected
at a density of 8/9×106 cells/ml. The elutriation chamber was loaded
at a ﬂow rate of 28 ml/min and a rotor speed of 3500 rpm.
Approximately 8 fractions of different sized cells were isolated and
characterized by the analysis of cell volume distributions, the
determination of budding index and the number of bud scars afterCalcoﬂuor White M2R (Sigma) staining in order to compare fractions
with the same replicative age. For each strain we selected the ﬁrst and
last fractions. Genomic DNA of these fractions was also extracted and
submitted to one-dimensional gel electrophoresis followed by
Southern analysis to detect ERCs accumulation [32]. A DNA probe
spanning a 25S internal region of 2.4 kb, generated by randompriming
(Dig-labeling kit, Roche) was used. Quantiﬁcation of bands intensities
was performed by using Scion Image software. Different exposures of
the ﬁlters were used in order to normalize ERCs levels to genomic
rDNA.
2.3. Protein extracts preparation and derivatization
Cellswereharvestedbyﬁltration,washedoncewith PBS (pH7.4) and
resuspended in 10% glycerol, 2 mM EDTA and 1 mM protease inhibitor
phenylmethanesulfonyl ﬂuoride. Cells were broken with acid-washed
glass beads in a Fast Prep FP120 (Bio101 Savant) through 5 cycles of 20 s
(4.5 speed setting), interspersedwith cooling on ice. After centrifugation
(18,000 rcf, 30 min, 4 °C), the resulting supernatantwas clariﬁedwith an
identical round of centrifugation and then frozen at −20 °C until used.
Protein carbonyl groupswerederivatized to2,4-dinitrophenylhydrazone
(DNP)by reactionwith2,4-dinitrophenylhydrazine (DNPH)according to
[40]. In order to eliminate SDS that is present in the derivatization
mixture and is detrimental to isoelectric focusing (IEF), samples were
subjected to centrifugal dia-ﬁltration in 3 kDa cut-off Microcon centrif-
ugal ﬁlter column devices (Millipore) using Buffer A (Tris 10 mM, MgCl2
5 mM, pH 7.4) as exchange buffer. Nucleic acids removal was also
performed during the last cycle of dia-ﬁltration, by adding DNase I
(0.05 mg/ml) and RNase A (0.1 mg/ml) (both from Roche) to Buffer A.
The samples were then lyophilized, washed twice with acetone and
resuspended in urea lysis buffer [41].
2.4. Identiﬁcation of carbonylated proteins by 2D Western blot analysis
Derivatized proteins were separated by two-dimensional (2D) gel
electrophoresis essentially as described [17,42]. Ampholines (Amer-
sham) covering different pH ranges (0.2% of pH 2.5–5, 0.4% of pH 3–10
and 1.4% of pH 5–8) were used for capillary IEF (Bio-Rad). SDS-PAGE
was performed on 8% polyacrylamide slab gels. Gels were blotted onto
Hybond-P PVDF membranes (Amersham). DNP-derivatized proteins
were detected with anti-DNP polyclonal antibody (ab6303, Abcam)
diluted 1:3000 in PBS containing 5% skimmed milk and 0.1% Tween
20. Secondary antibodies (Amersham) were diluted 1:10,000 in PBS,
5% skimmedmilk and 0.3% Tween 20. Binding was visualized with the
ECLWestern Blotting Detection Reagent (Amersham). Correct loading
was conﬁrmed by staining ﬁlters with Coomassie Brilliant Blue.
Moreover, in order to provide an internal control for the electropho-
resis and for the gel transfer, a ﬁxed amount of Ovalbumin (Sigma) in
urea lysis buffer, was added to samples before loading. Coomassie-
stained Ovalbumin was used as an internal standard for the
normalization of the relative abundance of proteins. Parallel prepar-
ative gels were stained with Coomassie Blue to visualize total proteins
andwere used for protein identiﬁcation. The same amount of proteins
(20 μg for Western blots and 300 μg for preparative gels) was loaded
on IEF gels. To assure good comparisons, gels from the different strains
were run simultaneously in the ﬁrst and second dimensions. 2D
pattern scanning was performed on a Bio-Rad GS-800 calibrated
imaging densitometer and spots matching with PDQuest software
(Bio-Rad). After the matching procedure, signal intensities were
normalized using the “total density in valid spots” option. Spot
intensities were measured from Coomassie-derived signals (protein
abundance) and from ECL ones (carbonylation). For each mutant, we
considered as signiﬁcantly changed, carbonylation signals (normal-
ized to protein abundance) whose levels varied at least 2-fold relative
to the levels determined in the wild type. Signals from at least three
different 2D blots were analyzed. Some matched proteins spots on 2D
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were analyzed using a MALDI-LR mass spectrometer (Micromass) in
reﬂectron mode as described in [43]. Monoisotopic mass values were
used for peptide mass mapping with a MASCOT search tool (http://
www.matrixscience.com).
2.5. Miscellaneous
Total protein concentration was determined using the BCATM
Protein Assay Kit (Pierce). Residual glucose and ethanol concentra-
tions in the growth medium were determined using enzyme-coupled
NADH oxidation reactions (K-HKGLU and K-ETOH kits from Mega-
zyme). ROS were detected with dihydrorhodamine 123 (DHR, Sigma)
and analyzed by ﬂow cytometry as described previously [35]. Actin
staining with rhodamine–phalloidin (Sigma) was performed on cells
ﬁxed in 3.7% formaldehyde essentially as published [44]. A Nikon
Eclipse E600 ﬂuorescence microscope equipped with a Leica DC 350F
ccd camera was used.
3. Results and discussion
3.1. Effect of UBP10 inactivation on carbonylated proteins proﬁles in
stationary phase
Since in yeast the amount of speciﬁcally oxidatively damaged
proteins is affected by the kind of cellular metabolism (fermentativeFig. 1. Accumulation of ROS and carbonylated proteins in stationary phase. (A) Growth curve
Cells number was determined over time during the exponential phase up to the stationary
staining with dihydrorhodamine 123 was performed 24 (early stationary phase, upper panel
Dot plots are shown and arrows indicate cells with high intracellular ROS. FSC: forward scatt
extracts were derivatized with DNPH and separated by 2D gel electrophoresis. Immunodeco
same time. Numbers indicate spots corresponding to proteins identiﬁed by MALDI mass sp
shown. Data of representative experiments performed in triplicate are shown.or respiratory) and by both the replicative and chronological age of
the cells [15,16,37], we examined the effects caused by the lack of
Ubp10 or Sir2 in an experimental condition that is representative of
the chronological aging such as stationary phase cells.
Initially, all strains were grown on minimal medium with 2%
glucose. We used a minimal medium that is a growth condition in
which ubp10Δ cells showed amore severe phenotype [35,45]. Growth
was monitored by counting cell number over time during the
exponential phase up to the stationary one when cells stopped
dividing and cell densities reached a plateau value (Fig. 1A). 24 h after
any signiﬁcant increase in the cell number occurred (early stationary
phase), growth-arrested cells were examined for the in vivo
production of ROS by incubation with the ROS-sensing dye dihy-
drorhodamine 123 (DHR). In fact, ROS generation is a process tightly
connected with cellular metabolism, which is in turn regulated by
nutrients availability. In all three early stationary cultures grown in 2%
glucose, ﬂow cytometric analyses revealed the presence of a
subpopulation of cells with high ﬂuorescence (Fig. 1B), corresponding
to ROS-accumulating cells. Continuing starvation led to an increase of
ﬂuorescent rhodamine cells (Fig. 1B) consistent with other experi-
mental results of starvation for essential amino acids [46,47]. In fact, in
the early stationary phase, all the three strains grown in minimal
medium 2% glucose still exhibited a high residual glucose content in
the growth media (about 6–8 g/l) indicating that proliferation had
stopped not for limitation of the carbon source but as the result of
shortage for essential supplements as reported for other auxotrophics of wild type, ubp10Δ and sir2Δ cells grown in minimal medium containing 2% glucose.
one. (B) Flow cytometric analyses of ROS content during stationary phase. An in vivo
) and 48 (lower panel) h after any increase in cell number occurred in the yeast cultures.
ering values. (C) Carbonylated proteins proﬁles in early stationary phase. Total proteins
ration was carried out using anti-DNP antibodies. Filters were exposed to ﬁlms for the
ectrometry (Table 1). Only parts of the ﬁlters with detectable carbonylated signals are
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this non-dividing state, the three strains are characterized by a high-
metabolism: they continued fermentative catabolism of glucose and
48 h after the arrest of cell proliferation, the sugar was reduced to less
than 1 g/l. The glucose decrease was accompanied by production of
ethanol which, in turn, began to be consumed afterwards (data not
shown). Interestingly, this phenomenon, observed when growth is
limited by auxotrophic requirements and excess glucose is completely
consumed (called glucose wasting) has been recently described as
reminiscent of the “Warburg effect” in cancer cells [48,49]. ubp10Δ
cultures contained more ROS-accumulating cells (about 41% at 48 h)
than wild type (21%) and sir2Δ (18%) ones. This observation is in line
with the fact that loss of Ubp10 triggers a transcriptional stress
response that is accompanied by intracellular ROS accumulation
detectable in late exponential phase of growth [35,36]. Consequently,
when ubp10Δ cells stop dividing they enter the stationary phase with
a ROS burden that is not carried by the other two strains. SIR2
inactivation did not increase the ROS content either in exponentially
growing cells ([16] and data not shown) or in stationary phase
(Fig. 1B).
ROS can oxidize nucleic acids, lipids, carbohydrates and proteins
inactivating key cellular functions. In particular, the most common
modiﬁcation to proteins generated by oxidative damage is carbonyla-
tion that can be achieved through direct or indirect reactions [38]. In
Fig. 1C carbonylation patterns of early stationary phase cells are shown.
Prolonged incubation periods in stationary phase were not chosen
due to high levels of protein degradation (especially high molecular
weight proteins) that can make it difﬁcult to compare/interpret
changes in the carbonylation patterns of different mutants [50]. A
global overview of the anti-DNP Western blots provided some
interesting information. All three strains already displayed a signiﬁcant
amount of oxidative damage in early stationary phase (Fig. 1C). Overall,
the pattern of spots seen for the ubp10Δ and sir2Δ mutants was fairly
similar to that observed for the wild type. However, total carbonylation
(normalized to protein concentration) in the ubp10Δmutant showed a
2.7-fold increase relative to the carbonylation level of thewild type. This
further reveals an endogenous situation of higher oxidative stress in the
mutant.
A direct comparison for each strain was performed and some
representative spots have been excised from 2D preparative gels and
subjected to mass spectrometry (Table 1). Spot 1, identiﬁed as the
heat shock protein (Hsp) Ssa1, had a homogeneous behaviour in all
the three strains. In the 2D proﬁles of early stationary phase cells, it
gave a strong carbonylation signal (Fig. 1C). This protein is a member
of the Hsp70 family and it is generally described as a cytosolic
molecular chaperone [51]. Ssa1, together with the mitochondrial
Hsp60 (Fig. 1C, Spot 2), has already been reported to be targeted by
carbonylation in chronological aging [15]. Other identiﬁed proteins
were cytosolic enzymes involved in glucose metabolism well known
to be preferentially carbonylated during aging and in oxidative stress
conditions, such as Pyruvate decarboxylase isozyme 1 (Pdc1, spot 3),
Enolase 2 (Eno2, spot 4) and Glyceraldehyde-3-phospate dehydroge-
nase 3 (Tdh3, spot 5) [15,37,50,52,53]. Carbonylation can reduce or
abrogate the targeted proteins' catalytic functions and in this context,
Tdh is well known to be inactivated in oxidative stress conditions andTable 1
Carbonylated proteins identiﬁed by MALDI peptide mass ﬁngerprinting.
Spot Gene Protein
1 SSA1 Heat shock protein Ssa1, Stress seventy subfamily A
2 HSP60 Heat shock protein 60
3 PDC1 Pyruvate decarboxylase, isozyme 1
4 ENO2 Enolase 2
5 TDH3 Glyceraldehyde-3-phosphate dehydrogenase 3
6 ICL1 Isocitrate lyasein chronological aging [15,37,52,54]. The inactivation of key glycolytic
enzymes such as Tdh has been proposed to provide a means of
regulating glycolysis: it can induce a redirection of the metabolic ﬂux
from glycolysis to the pentose phosphate pathway generating
additional NADPH which is essential for the activity of antioxidant
defences [37,52,54,55].
3.2. Effect of CR on carbonylated proteins proﬁles in stationary phase
In S. cerevisiae, a CR regimen can be imposed by reducing the
glucose concentration from 2 to 0.05% [30]. All strains were grown on
minimal medium with 0.1% glucose. In exponential phase the speciﬁc
growth rates determined for each strains in 0.1% glucose were not
signiﬁcantly different from those obtained in 2% (Table 2), indicating
that 0.1% glucose is sufﬁcient to sustain maximal growth rate equal to
2%. This is coherent with the well known plasticity of the glucose
sensing and transduction pathways of S. cerevisiae that allows an
efﬁcient use of the hexose [56,57]. It is interesting to note that the
typical slow growth displayed by ubp10Δ cells on 2% glucose [36], did
not get worse in 0.1%, meaning that the mutant is able to perform
the transporters/metabolic adaptation. On the contrary, reducing the
sugar to 0.05% resulted in a decrease of the growth rates for all the
strains (data not shown). Thus, since growth rate remains robust, we
selected 0.1% glucose content in the media as our model for CR and
we investigated its inﬂuence on ROS and carbonylated proteins in
ubp10Δ and sir2Δ stationary phase cells.
Undetectable extracellular glucose levels and a very low amount of
ethanol (less than 400 mg/l) were present in early stationary phase
cultures grown in 0.1% glucose indicative of cells which had already
experienced an aerobic respiratory metabolism. No ROS were
detected in all these stationary cultures (Fig. 2A) indicating that CR
inﬂuences the physiological accumulation of oxygen radicals linked to
chronological aging regardless of the presence of Ubp10 and Sir2
enzymatic activities. Moreover, CR also counteracts the intracellular
environment that in ubp10 cells favours ROS accumulation.
Several transcriptional/metabolic/physiological changes are ob-
served according to the degree of glucose restriction applied and the
yeast genetic background [30,58,59] and many hypotheses have been
proposed in order to clarify the molecular mechanism of the salutary
effect of CR (see i.e. [60] and [61]). UBP10 inactivation determines an
increase of ROS in late exponential phase not only during growth on
2% glucose, but also on a non-fermentable carbon source such as
glycerol [35,36]. This ﬁnding suggests that the decrease of ROS in the
mutant cannot be ascribed simply to a shunting of carbonmetabolism
from fermentation to the mitochondrial TCA cycle induced by CR.
However, changes occurring in the low glucose medium seem to be
monitored during the early exponential growth phase and have a
long-lasting inﬂuence on the cellular metabolism affecting ROS
accumulation later in late exponential phase and stationary one.
Evidences of early cellular events conditioning future metabolic state
have been recently provided for the CLS [62]. Similarly to observations
reported for Caenorhabditis elegans [63], a “mitochondrial pre-
conditioning” effect has been proposed where the mitochondrialTable 2
0.1% glucose sustains growth as well as 2% glucose.
Growth condition Strain Td (h)
2% glucose W303-1A 1. 67+/−0.06
ubp10Δ 2.53+/−0.11
sir2Δ 1.74+/−0.07
0.1% glucose W303-1A 1.65+/−0.09
ubp10Δ 2.54+/−0.08
sir2Δ 1.70+/−0.05
The doubling time (Td) was determined by linear regression of cell number increase
over time on a semilogarithmic plot. Data represent the average of three independent
experiments. Standard deviations are indicated.
Fig. 2. Effect of CR on ROS and carbonylated proteins accumulation. Wild type, ubp10Δ and sir2Δ cells were grown in minimal medium with 0.1% glucose. (A) Flow cytometric
analyses of ROS content at 24 (early stationary phase, upper panel) and 48 (lower panel) h. (B) 2D proﬁles of carbonylated proteins obtained in early stationary phase. Analyses and
symbols as in Fig. 1B and C.
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be responsible for the CLS extension later in stationary phase.
Proteins carbonylation reﬂects ROS pattern: growth in CR has a
beneﬁcial effect on the oxidative damage of proteins independently
on the presence of any deletion. Anti-DNP Western blots shown inFig. 3. Asymmetrical segregation of ERCs and carbonylated proteins. Wild type, ubp10Δ an
(A) Coulter Counter plots of cell volume distributions obtained for daughter (2) andmother (
a ﬂuorescence microscope. For simplicity, only representative images of the wild type strain
was hybridized on Southern blots with a probe speciﬁc to 25S rDNA sequences. The g
(D) Representative 2D patterns of carbonylated proteins from daughter andmother cells. Ana
comparisons. Longer exposures of the ﬁlters compared with Fig.1C are shown. Identiﬁed pr
(normalized to total protein content) measured in the daughter (white bars) and mother
determined in two independent sorting experiments. Standard deviations are indicated.Fig. 2B, had very few detectable spots among which Ssa1 (spot 1),
Tdh3 (spot 5) and spot 6, identiﬁed as Isocitrate lyase (Icl1, Table 1).
Icl1 presence is linked to the aerobic respiratory metabolism of the
early stationary cultures. In fact, Icl1 is the key enzyme of the
glyoxylate cycle: it catalyzes the reversible cleavage of isocitrate intod sir2Δ cells were elutriated and collected as fractions (see Materials and methods).
– –) cells. (B) Same cells as in (A) were stained with CalcoﬂuorWhite and viewed under
are shown. (C) DNA extracted from daughter and mother cells of the three yeast strains
enomic rDNA (arrow), ERC dimers (asterisk) and monomers (circle) are indicated.
lyses were performed as in Fig. 1C. Blots were processed at the same time to allow direct
oteins are indicated by numbers (Table 1). (E) Comparison of total carbonylation level
(black bars) cells of the three strains. Histograms were obtained from mean values
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route ensuring an adequate supply of TCA intermediates when yeast
grows on C2 substrates like ethanol. Moreover, the carbonylation of
Icl1 can be explained mainly because this protein is located in the
proximity of sites generating ROS. In S. cerevisiae, the glyoxylate cycle
enzymes are present both outside (Icl1) and inside the peroxisomes
[64]. As a result of their oxidative metabolism, such organelles
generate H2O2 which can produce hydroxyl radicals by the Fenton
reaction. Icl1 is very sensitive to oxidative damage; it can be
carbonylated and consequently inactivated [65]. Interestingly, loss
of Icl1 function leads to a change in the intracellular distribution
(cytosol and mitochondria) of fumarase inducing the majority of this
enzyme to be fully imported into mitochondria [66]. In mitochondria,
fumarase is a critical enzyme of the TCA cycle while in the cytosol it
plays an important role for growth on ethanol. Thus, the carbonylation
of Icl1 (Fig. 2B) can be involved in the response by which cells
efﬁciently adapt their metabolism to changes in the growth
environment. When both the TCA cycle and the glyoxylate shunt
are active (growth on ethanol) fumarase is dually distributed. On the
other hand, when the glyoxylate cycle is no more required (ethanol
exhausted) Icl1 degradation can favour fumarase translocation into
mitochondria and the TCA activity. Previous studies do not report any
indication about Icl1 carbonylation [27] probably due to prolonged
incubation periods in stationary phase that can lead to Icl1
degradation.
3.3. Molecular markers of aging in old mother cells lacking UBP10
In yeast, ERCs and oxidatively damaged proteins display an
asymmetric segregation during cytokinesis and this process is Sir2-
dependent [16,22]. This deacetylase is also involved in daughter-
speciﬁc reduction of ROS [17]. Since Ubp10 is required for a proper
Sir2 localization and its lack determines ERCs accumulation [32] and
insurgence of ROS [35,36], we have investigated whether this enzyme
is involved in such inheritance mechanisms.
The increase in size is a well known feature that distinguishes
mother cells from daughter ones, therefore wild type, ubp10Δ and
sir2Δ mutant cells were grown for nine to ten generations and then
size-selected by centrifugal elutriation. In the ﬁrst and last fractions
that were selected for each strains, two different types of cellular
populations were present. The former contained small unbudded
virgin daughters, the latter enriched in largemothers carrying eight to
ten bud scars (Fig. 3A and B). A further characterization was
performed on DNAs isolated from the two different fractions to
analyse ERCs presence. As shown in Fig. 3C, in addition to a strong
signal from the genomic rDNA, the rDNA probe detected two ERC
species, monomers and dimers. In young daughters, a small quantityFig. 4. Actin organization in ubp10Δ mutant cells. Rhodamine–phalloidin staining was p
exponentially growing on 2% glucose. Representative images of cells at an early (A), intermof ERCs was visible. This quantity was, as expected, higher in the sir2Δ
mutant resulting from combined effects of a premature ERCs excision
and loss of their retention inmother cells due to SIR2 inactivation [22].
Old mother cells displayed a signiﬁcant amount of ERCs, amount that
was higher in the ubp10Δ mutant (Fig. 3C), in agreement with
previously reported data and linked with a decrease of Sir2 levels at
the rDNA [32]. The same elutriated fractions were analyzed for
carbonylated proteins content. The main interesting feature displayed
by anti-DNP Western blots shown in Fig. 3D was the uneven
distribution of carbonylated proteins between the two types of
cellular populations that mirrored ERCs distribution. In fact, wild type
young daughter cells exhibited total carbonylation levels lower than
the old mother ones. This asymmetric segregation was more evident
in the cells lacking UBP10 where the oxidative damage of the mothers
was about 3-fold higher compared to that of the daughters (Fig. 3E).
The enrichment of carbonylated proteins in ubp10Δmothers is fully
consistent with the presence of ROS-accumulating mother cells in this
mutant [35]. In line with the requirement of a functional Sir2 for the
establishment of damage asymmetry, sir2Δ daughters had higher
levels of oxidatively damaged proteins than sir2Δ mothers (Fig. 3E).
Since a functional actin cytoskeleton is required for proper
segregation of oxidized proteins [16], as a further reﬁnement of our
investigation we analyzed the spatial distribution of F-actin in ubp10Δ
cells. In Fig. 4, representative images of rhodamine–phalloidin stained
cells at different points of the cell cycle were shown: unbudded cells
with most of the ﬂuorescence concentrated near one pole, medium-
budded cells with patches that were randomly distributed only in the
bud and large-budded cells in which the patches were visible both in
the mother and in the bud. No signiﬁcative difference was observed
between wild type and ubp10 disruptant cells. Alterations of actin
cytoskeleton components have been associated with lack of asym-
metric inheritance in sir2Δ mutants [16,17]. On the contrary, actin
organization displayed by ubp10Δ mutant cells suggests that
intracellular transport machinery is not affected. Consequently, this
mutant can cope with the increased oxidative damage [carbonylated
proteins] retaining it in the mothers cells. Similarly, in cells treated
with paraquat that increases the level of carbonylated proteins, the
extra load of oxidative damage is retained in the mother cells [16].
To sum up, CR has a beneﬁcial effect on the physiological increase
of ROS and carbonylated proteins linked to chronological aging
independently of the presence of Ubp10 and Sir2 activities. Moreover,
CR also counteracts the oxidative damage accompanying UBP10
inactivation and in this context the beneﬁcial effect of CR seems
mainly on ROS generation and initial macromolecular damage.
Remarkably, UBP10 inactivation does not, however, affect speciﬁc
damage retention and in particular, the asymmetrical inheritance of
carbonylated proteins between mother and daughter cells. In fact, inerformed to assess the F-actin organization in wild type and ubp10Δ mutant cells
ediate (B) and late stage (C) of the cell cycle.
637I. Orlandi et al. / Biochimica et Biophysica Acta 1803 (2010) 630–638the ubp10Δ mutant the oxidatively damaged proteins are conﬁned
mainly to the mother cells that receive an even higher load than
expected from their size. If, in a proliferating system there is a
maximum of damage the system can tolerate, then one may speculate
that with each division the ubp10Δmother cells by retaining more
toxic material (ERCs, carbonylated proteins) overcome a threshold
level, above which the intracellular damage promotes apoptosis.
Lastly, since Ubp10 is required to maintain a proper state of histone
modiﬁcation at telomeres and at the rDNA necessary for Sir2 binding,
the lack of the same deeply affects the recombination and gene-
silencing functions speciﬁc to Sir2 ([32,33] and this work). On the
contrary, the maintenance of the Sir2-dependent damage asymmetry
in the ubp10Δmutant indicates that both a correct association of Sir2
with DNA and the genomic silencing are not required in such a
process. In addition, this suggests that the asymmetric segregation is
regulated probably by non-chromatin substrates of Sir2. Recently, the
phosphoenolpyruvate carboxykinase (Pck1) has been identiﬁed as a
cytosolic target of this deacetylase. The de/acetylation state of Pck1 is
crucial for its enzymatic activity. Pck1 is acetylated by Esa1 that also
has Hsp104 among its substrates [67]. It has been proposed that this
chaperone may provide a bridge between carbonylated aggregates
and the cytoskeleton by preventing not only proteotoxicity but also
reducing aggregates inheritance to the progeny [17]. In the sir2Δ
mutant, Hsp104 activity is impaired [17]. In the ubp10Δ mutant, a
strong up-regulation of HSP104 and of other genes encoding Hsp70
chaperones that work in concert with Hsp104 has been observed [35].
All these chaperones together with a functional actin cytoskeleton
may provide this mutant with the capacity to retain the increased
oxidative damaged proteins in the mother cells.Acknowledgements
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